Chlorozotocin is a chloroethylnitrosourea antitumor agent that is in clinical trial for a variety of human tumors. Renal failure has been a reported side effect of treatment with several of the chloroethylnitrosoureas, including chlorozotocin. To better understand the pathogenesis of this target organ toxicity, we have studied the nephrotoxicity of a single high, intermediate, or low dose of chlorozotocin in male F344 rats. We report here the sequence of histopathologic changes seen over a 1-10-day (high dose) or 1-28-day (intermediate or low dose) period. The single high dose (40 mg/kg, s.c.) produced an acute cortical necrosis involving the proximal tubules, followed by later necrotic changes in the collecting ducts in the inner medulla. Karyomegaly was noted at 10 days in occasional cells of the papillary collecting ducts and urinary epithelium lining the pipilla. A single intermediate dose (25 mg/kg, s.c.) caused a similar but less severe injury of later onset. Proximal tubule injury was less severe and more limited. Necrosis of papillary collecting ducts was not seen; however, karyomegaly was pronounced in cells of the collecting ducts in the inner stripe of the outer medulla and inner medulla, and in the urinary epithelium covering the papilla. No discernible histopathology was present following the low dose (12.5 mag, s.c.) of chlorozotocin. The histopathology was correlated with biochemical parameters. Our findings have possible implications for monitoring the severity of nephrotoxic side effects in patients, as well as provide preliminary evidence that this antineoplastic agent may itself cause preneoplastic changes, a finding with important long term implications.
INTRODUCTION
Nephrotoxicity is a side effect of a number of cancer chemotherapeutic.: agents (8, 43) , including several of the nitrosoureas (32, 42). Although myelosuppression is often the dose-limiting toxicity of the nitrosoureas (41) many of these agents exhibit a target organ toxicity for the kidney that often manifests itself as a late onset, progressive renal failure (43) . Examples of nephrotoxic nitrosoureas includ: streptozotocin (SZ), methyl-CCNU (MeCCNU), and chlorozotocin (CZ).
SZ is a naturally occurring nitrosourea antibiotic which has been reported to be acutely nephrotoxic, leading to acute tubular necrosis (ATN) of proximal tubules (8,27,40,43). MeCCNU has not been shown to be acutely nephrotoxic, but instead, in a cumulative dose-dependent chronic nephropathy model can result in renal failure. Renal biopsies from patients treated with MeCCNU who have gone into renal failure many months after the drug had been stopped, have shown a chronic, progressive tubulointerstitial disease and glomemlar sclerosis (32, 42) . Nephrotoxicity has also been reported following CZ chemotherapy (5, 25) , but the pathogenesis of this lesion in patients is not well defined.
It has been suggested that the myelosuppression, and perhaps other host toxicities, resulting from nitrosourea treatment is due to the carbamoylating activity of these molecules (34), whereas the tumor cytotoxic effects are thought to be due to their alkylating activity (16) . CZ, a synthetic analog of streptozotocin, was developed as a water soluble chloroethylnitrosourea with low carbamoylating activity in an effort to find a chloroethylnitrosourea with a reduced potential for myelosuppression (34) .
An animal model for studying the nephrotoxicity of MeCCNU has been developed in the F344 rat (1 7), and more recently has been shown to be useful for comparing the pathogenesis of the renal lesion produced by MeCCNU &th that produced by CZ (l 8)-Here we rep0rt the marphologic analysis of the acute nephrotoxicity pro- The kidney appears normal in all zones. Cortex (a); OSOM 0); ISOM (c); 1M (d) .
duced in F344 rats by a single high, intermediate, or low dose of chlorozotocin. (The functional alterations will only briefly be mentioned here.) The usefulness of sequential morphologic analysis has been well documented by Farber and co-workers (9, 37, 38) , and we believe that the use of this approach will extend the understanding of the pathogenesis of the acute and sometimes progressive nephrotoxicity seen following chlorozotocin.
METHODS Chlorozotocin (CZ) was obtained from the Developmental Therapeutics Program (Division of Cancer Treatment, National Cancer Institute, Bethesda, MD). Male Fisher 344 rats (125-175 g, Taconic Farms, Inc., Germantown, NY) were injected subcutaneously with a single high (40 mgkg), intermediate (25 mg/kg), or low (12.5 mg/kg) dose of CZ in 0.005 M citrate buffer, pH 4. Control animals were given an equal volume of the citrate buffer alone. Urinalyses were performed on animals maintained singly in metabolic cages (SybrodNalge, Rochester, NY) as previously described (1 7). Briefly, urinalyses were conducted on individual 16-hr samples collected over ice. Urine volume was re-corded and measurement made of the following: specific gravity, protein, glucose, and LDH activity. BUN levels were determined in plasma obtained by cardiac puncture.
At various times after administration of CZ (1-10 days for high dose, 1-28 days for low and intermediate dose), groups of 5 animals were sacrificed and the kidneys were quickly removed. Sagittal slices were made and placed into 10% neutral buffered formalin. The tissues were routinely dehydrated and embedded in paraffin (American HistoLabs, Rockville, MD). Six micron sections stained with hematoxylin and eosin were examined and photographed with a Zeiss photomicroscope 111. The four zones of the kidney consisting of cortex,' outer stripe of the outer medulla (OSOM), inner stripe of the outer medulla (ISOM), and inner medulla (IM) were examined and the results recorded individually by zone, for each kidney section examined.
RESULTS

Histopatliology
Confrols. Kidneys from control animals sacrificed at 1 and 2 1 days appeared normal in all zones of the kidney (Figs. l a d , 4a, 5a, 6a).
Chlorozotocin-High Dose. A single high dose of chlorozotocin (40 mg/kg) produced a massive proximal tubule necrosis, which was followed by tubular atrophy and some regeneration in animals that survived the insult ( Fig. 2a , c, e, g). This damage was accompanied by the later onset of injury and necrosis of collecting duct epithelium in the ISOM (Fig. 3e , g) and IM ( Fig. 3f , h) and the appearance of karyomegaly in cells lining the medullary collecting ducts. In addition, the urinary epithelium lining the papilla became hyperplastic, irregular, and vacuolated, and exhibited karyomegaly. These changes are described in more detail below .
At day 1, focal cell injury was present in proximal tubules in the cortex (Figs. 2a, 4b, c) and OSOM (Figs. 2b, 5b), as evidenced by a slight granularity of the cytoplasm (Fig. 4b ), focal cell swelling (Figs. 4b, 5b), and focal cell lysis (Fig. 4c ). The ISOM and IM appeared normal (Figs. 3a, b, 6b, 7a). At day 3, necrotic proximal tubules, with loss of epithelial lining cells and eosinophilic debris in the lumens, were seen in the subcapsular region of the cortex (Figs. 2c, 4d ). Deeper within the cortex, cloudy swelling and vacuolization were present in cells of the S, and S, segments (24) of the proximal tubule, with the injury more pronounced in the S, segments than in the S, segments (Fig. 4e ). However, in one animal the injury was more severe and extended to include the S3c segment (1 5 ) of the proximal tubule (the pars recta within the medullary rays). Here cells exhibited marked irregularity in height, loss of brush border, and clear vesicles and eosinophilic debris in the lumens ( Fig. 40 . In the OSOM, the lumens of the S , , , segments of the proximal tubules seemed distended with eosinophilic, brush border-like material which often appeared nonhomogeneous and clumped (Figs. 2d, 5c, d). There was some evidence ofcloudy swelling in the cells ofthese segments ( Fig.  5c ) and occasionally clear vesicles and cell debris could be seen in the lumens of these tubules (Fig.  5d ). The lumen ofcollecting ducts contained hyaline casts, and clear droplets or vesicles were seen in the collecting ducts in the OSOM (Fig. 5e ), ISOM (Fig.   6c ), and IM. The ISOM appeared very cellular (Figs. 3c, 6c), perhaps because the lumens of most of the tubules in this region were collapsed. the IM appeared normal (Figs. 3d, 7b). A slight irregularity of cell shape and height of the urinary epithelium covering the papilla was noted ( Fig. 7b ).
By day 5 , necrotic proximal tubules, devoid of epithelial lining cells, were seen throughout the cortex, including the pars convoluta and pars recta (S, and S, segments) of the proximal tubules (Figs. 2e, 4g). Flocculent eosinophilic debris and occasional free cells were present in the more superficial tubules ( Fig. 4g ), while densely packed casts of eosinophilic cell debris and nuclear fragments filled the S,= segments in the medullary rays ( Fig. 4h ).
By day 6, much of the debris had disappeared from the subcapsular proximal tubule segments ( Fig.  4i ). Cortical collecting ducts appeared dilated and were sometimes empty, while at other times these ducts contained hyaline casts. Distal tubules and glomeruli were intact. Inflammatory cells were identified marginating in vessels within the cortex. in the OSOM, the S,,, segments ofthe proximal tubule Fig. 3 , day 1 (row 1); day 3 (row 2); days 5 and 6 (row 3); day I0 (row 4). Subcapsular lesion is present at day 1 in the cortex (2a), however, the OSOM, ISOM, and IM are normal (2b, 3a, 3b, respectively). Necrotic proximal tubules are present by day 3 in the subcapsular region of the cortex (2c), there is cloudy swelling and increased brush border-like material in the proximal tubules of the OSOM (2d), and the ISOM appears quite cellular (3c). The IM still appears normal (3d). By days 5 and 6, the proximal tubular necrosis has extended to include most of the cortex (2e), and variable stages of cell injury can be found in the proximal tubules in the OSOM (21) . In the ISOM, a number of dilated tubules with both hyaline and granular casts are present (3e), and casts are now present in collecting ducts in the IM (31) . The urinary epithelium has become hypertrophied and irregular (31) . By day 10, widely dilated tubules, some lined by attenuated regenerating cells, are present in the cortex, and small areas of fibrosis (F) can be seen (2g). In the OSOM, the proximal tubules are of normal appearance (2h). In the ISOM, dilated tubules with casts are present (3g) and the collecting ducts in the IM are lined by irregular cells, some containing large pleomorphic nuclei (3h). TOXICOLOGIC PATHOLOGY cending limbs (TAU) and thin limbs (TLS), as far as we could ascertain, appeared intact. In the IM, both granular and hyaline casts were present in the collecting ducts (Figs. 3f, 7c-e), and there was loss of epithelial lining cells in the papillary collecting ducts ( Fig. 70 . The urinary epithelium covering the papilla had become irregular, increased in height, occasionally multilayered, and contained eosinophilic, hyaline-like inclusions, and vacuoles ( Fig.  7d ). Red blood cells (RBCs) were present in the urinary space ( Fig. 7d ).
At day 10, a large number of widely dilated tubules (some still devoid of epithelial lining cells, and some lined by low, attenuated, presumably regenerating cells) were present throughout the cortex and were particularly evident in the subcapsular region (Figs. 2g, 43. Glomeruli and distal tubules were intact. Fibrosis and scamng were present in the subcapsular regions of the cortex (Figs. 2g, 4k). Deeper within the cortex, proximal tubules were noted with individual vacuolated cells adjacent to intact cells ( Fig. 41 ). Irregularity of cell shape and brush border was observed in these tubules. S, segments of the proximal tubules appeared less severely injured ( Fig.   4m ). Occasionally, evidence of regeneration was observed deep within the cortex (Fig. 4n ). In the OSOM, S,,, segments appeared to have recovered and were relatively normal in appearance (Figs. 2h, 5j, k); however, cloudy swelling was still present in some proximal tubule cells ( Fig. 53 , and widening of the intercellular spaces was observed ( Fig. 5k ). Casts were still present within widely dilated tubules of the ISOM (Fig. 3g ), and occasional collecting ducts were noted in which the cells were hypertrophic, with large nuclei (Fig. 60 . In the IM, collecting ducts were lined by irregular cells with large pleomorphic nuclei (Figs. 3h, 7g-i). Karyomegaly was also seen in the urinary epithelium covering the papilla (Figs. 3h, 7g). While occasional large vacuoles remained within the urinary epithelium, the increased cell height and piling up of cells seemed to subside.
Chlorozotociii -Intermediate Dose. Considerably more individual variation was seen following an intermediate dose (25 mg/kg) of CZ, with only one or two animals per time interval showing evidence of injury. In addition, the onset of injury was later (6 days versus 3 days for high dose), was more localized to the subcapsular region and outer cortex, Deeper within the cortex at day 3, S, and S, segments of the proximal tubules showed cloudy swelling and vacuolization, with the lesion being more pronounced in the S, regions (4e). Also at day 3, one animal showed cell injury to the S, , segment of the proximal tubule (pars recta) within the medullary rays (4f). At day 5 , flocculent eosinophilic cell debris and free cells were present in the dilated subcapsular tubules (4g), and were also seen in the Sx segments within the medullary rays (4h). By day 6, most of the debris had washed out of the necrotic proximal tubules, leaving widely dilated tubules devoid of epithelial lining cells (49. By day 10, the cortex contained large numbers of dilated tubules lined by attenuated epithelial cells (43. Also at day 10, areas of fibrosis could be seen (4k). Individual vacuolated cells were present adjacent to normal appearing cells in proximal tubules deeper within the cortex (41) . S, segments of proximal tubules did not appear to be injured (4m). Attenuated, regenerating cells were also present lining dilated tubules in the mid and deeper cortex (4n).
FIG. 5.-Alterations in the outer stripe of the outer medulla (OSOM) following a high dose of CZ (40 mg/kg). OSOM from control kidney from an animal given citrate buffer only, 21 days previously. The S,,, segments of the proximal tubule as well as distal nephron segments appear normal (5a). At day 1, following a high dose of CZ, cloudy swelling, and focal cell swelling and lysis are seen in cells of the S, , , segments of the proximal tubules (5b). At day 3, cloudy swelling and vacuolization are present in the S, , , segments of the proximal tubules, along with an increase in luminal brush border-like material, which sometimes appears clumped and inhomogeneous (5c). At day 3, in one animal with relatively severe nephrotoxic injury, clear vesicles possibly representing cell blebs, as well as sloughed cells and debris, were seen in the lumens of the straight segments of the proximal tubules in the OSOM (S,,, segments) (5d). At day 3, distal nephron segments often contained clear vesicles and cast-like material in the lumens (5e). At days 5 and 6, the injury to the OSOM was quite variable. In some areas the injury was manifested mostly by loss of brush border, while in other areas the tubular cells appeared unaltered (5f). At days 5 and 6, kidneys from other animals showed necrotic S, , segments (arrows), filled with cellular debris (5g and 5h). The distal nephron segments at this time contained hyaline casts (59. By day 10, many of the proximal tubule profiles in the OSOM appeared to be returning to normal, although loss of brush border and irregularity of the brush border were evident (5j). In another animal at day 10, only mild cell injury was present, consisting of widening of the intercellular spaces (5k). . At day 1 following high dose CZ, no major alterations in the tubule segments in the ISOM were seen and the morphology was normal (6b). By day 3, the ISOM appeared cellular and the tubules appeared to be collapsed. Hyaline casts were present in some collecting ducts (6c). By day 5, hyaline casts were present in dilated tubules, probably representing collecting ducts (6d). At day 6, both hyaline and granular casts were present in the collecting ducts in the ISOM, and collecting ducts filled with clear vesicles were seen (6e). At day 10, collecting ducts lined by irregular hypertrophied epithelial cells with large nuclei (arrows) were seen (6f).
and was less severe than in the high dose animals. The only other major differences were that the proximal tubules in the OSOM did not become necrotic, there appeared to be an inflammatory reaction with a mild inflammatory infiltrate in the interstitium, and at later time intervals (14 and 28 days) large, bizarre nuclei were extremely prominent in cells of the medullary collecting ducts in the ISOM, and particularly in the IM. Hyperplasia of the urinary epithelium covering the papilla was not seen, al-DEW AND KRAMER TOXICOLOGIC PATHOLOGY though karyomegaly was occasionally observed. These changes are described in more detail below.
At day 1, minimal evidence ofcell injury was seen in any of the animals (not shown). In the cortex, cloudy swelling, mild vacuolization, widening of the intercellular spaces, and focal cell blebbing were present in the proximal tubules, and were more evident in the subcapsular regions. Occasionally, eosinophilic-injured proximal tubules were observed in the mid-to-deep cortex. Glomeruli, distal tubules, and collecting ducts appeared intact. The OSOM resembled the cortex in that there was mild cloudy swelling, and focal tubular injury in the straight segments of the proximal tubule in this region (S,,, segments). No marked pathology was found in the ISOM or IM.
At day 3, there was still minimal evidence of cell injury in the cortex, as described at day 1, in all animals of this time interval (Fig. 8a ). In addition, some proximal cells exhibited indistinct cell outlines. Focal eosinophilic, necrotic cells could be identified within the proximal tubules. Glomeruli and distal nephron segments appeared relatively normal. In the OSOM, there was mild vacuolization and cloudy swelling of the S,,, segments of the proximal tubule, with widening of intercellular spaces. The lumens ofthese tubules seemed to contain more eosinophilic brush border-like material than was present in the controls or at day 1; this material sometimes appeared patchy and nonhomogeneous. Focal cell injury and cell lysis were occasionally observed in the S,,, segments, and occasional eosinophilic, injured proximal tubules could be identified. The ISOM appeared more cellular than at day 1 , and the lumens of the tubules in this region tended to be collapsed and less well defined than at day 1. No other signs of injury could be identified. In the IM, no clear evidence of cell injury was seen.
At day 6, one of four surviving animals showed a clear subcapsular lesion consisting of widely dilated tubules with loss of tubular epithelium, remaining cell fragments, and occasional eosinophilic free cells in the lumen (Fig. 8b) . Proximal tubules immediately beneath these areas appeared intact with the exception of some cloudy swelling, and bluish granules in the apical cytoplasm. Dilated capillaries and veins with inflammatory cells present in the lumens were seen. The S,,, segments of the proximal tubule in the OSOM showed increased brush border-like material in the lumens. Some evidence of widening of the intercellular spaces and a mild cloudy swelling was noted. Occasional eosinophilic necrotic tubules were present near the cortico-medullary junction. The ISOM resembled the minimal injury changes described in this region at day 3, and likewise, the IM showed only minimal evidence of cell injury, although some irregularity of cell height and shape was noted in the medullary collecting ducts.
At day 10, there was still considerable individual variation in response of these animals to a single intermediate dose of CZ. One out of five animals showed a subcapsular lesion with tubular dilatation and loss of tubular lining cells; the lesion now extended to include the deep cortical regions (Fig. 8c ). Occasional flattened, attenuated cells were observed lining areas of these dilated tubules. Individual cells showing nuclear fragmentation (karyorrhexis) were present in these areas. Widened inter-tubular septae, suggestive of fibrosis, and inflammatory cells were present in the interstitium near these dilated tubules. Capillaries and veins within the cortex were dilated and contained inflammatory cells (Fig. 8d) ; perivascular edema was evident around the arcuate arteries and the arcuate veins were dilated (Fig. 8e ). Distal tubules and collecting ducts were intact. Otherwise, the deeper regions of the cortex appeared as decribed at days 3 and 6 with cloudy swelling and focal cell injury.
The OSOM appeared as described at days 3 and 6, with increased brush border-like material in the lumens and focal cell lysis in the S,,, segments. A mild inflammatory infiltrate appeared, but otherwise there was minimal cell injury. In the ISOM, At day 3, no evidence of cell injury was seen in the cortex (or other zones) of kidneys from these animals (8a). By day 6, necrosis of proximal tubules was seen in the subcapsular regions of the kidneys (8b). At day 10, the proximal tubular necrosis was still limited to the subcapsular and outer regions of the kidney cortex (8c). At day 10, following an intermediate dose of CZ, margination of white blood cells was seen in vessels throughout the cortex (8d). Penvascular edema was evident around the arcuate arteries and the arcuate veins appeared dilated at day 10 following an intermediate dose of CZ (8e). At day 14, some evidence of fibrosis and scamng was seen in the outer regions of the cortex from these animals (8f). Also at day 14, mild evidence of fibrosis was present in the regions of the cortical labyrinth in the mid to deep cortex, with the medullary rays seeming to be spared (8g). occasional, dilated tubules were present with cells showing a variety of nuclear changes including nuclear fragmentation and karyorrhexis. Other cells showed enlarged irregular nuclei. A mild inflammatory infiltrate was also present. In the IM, there was nuclear and cellular pleomorphism in the col-lecting ducts, with occasional karyomegaly. The urinary epithelium covering the papilla showed increased cell height, irregular and vacuolated; karyomegaly was also present. Vascular stasis and thrombosis were noted and inflammatory cells were seen. the kidneys from these animals appeared to have returned to normal (9a). The OSOM of these kidneys also was relatively normal in appearance, as it was throughout the time course following an intermediate dose of CZ (9b). At low magnification, the ISOM of these kidneys appeared normal (9c). At higher magnification, some collecting ducts were lined by hypertrophied epithelial cells with large, bizarre nuclei (9d). The most striking change seen after an intermediate dose of CZ was the appearance of a large number of collecting duct cells exhibiting karyomegaly (arrows) throughout the inner medulla (9e). At 28 days, collecting duct epithelial lining cells can be seen to contain large, pleomorphic nuclei (9f). Not only is karyomegaly seen in collecting duct cells, but large, bizarre nuclei are occasionally seen in cells of the transitional epithelium covering the papilla (9g).
By day 14, two out of four surviving animals showed extensive dilatation of subcapsular tubules ( Fig. 80 , that extended, in some areas, into the midcortical region and was accompanied by fibrosis ( Fig.  Sf, g) . Many of these tubules were lined by atten-uated cells; occasional nuclear fragmentation as well as nuclear enlargement was seen. Focal areas of tubular atrophy, regeneration, and fibrosis were also found in the deeper regions of the cortex (Fig. Sf,  g) . These areas oftubular atrophy and fibrosis seemed TOXICOLOGIC PATHOLOGY to occur in the cortical labyrinth ( Fig. Sf, g) and appeared to spare, at least to some degree, the pars recta segments of the proximal tubule ( Fig. 8g ). Glomeruli appeared congested. Many cortical collecting ducts were dilated and lined by cells of irregular height and shape. Capillary and venous dilatation was evident, and inflammatory cells were present in the lumens of these vessels. Penvascular edema was present around the arcuate arteries. A mild inflammatory infiltrate was present in the cortical intersti tium.
In the OSOM, the S,,, segments of the proximal tubules showed minimal evidence of cell injury and resembled those described at days 3 and 6. Capillaries appeared slightly dilated and a mild inflammatory infiltrate was present. Occasionally, collecting ducts showed enlarged nuclei. In the ISOM, the tubular profiles were more irregular with occasional dilated collecting ducts lined by hypertrophic, irregular cells, often containing enlarged nuclei. This cellular and nuclear hypertrophy was even more evident in the inner medulla. Here collecting duct epithelial cells could be found that showed perinuclear clear areas. Other collecting duct cells exhibited karyorrhexis, while others exhibited karyomegaly. Attenuated epithelial lining cells could be found adjacent to the hypertrophic epithelial cells in these medullary collecting ducts. The urinary epithelium was not hyperplastic, but some cells exhibited karyomegal y.
By day 28, the cortex showed only minimal evidence of cell injury in all of the animals (Fig. 9a ). There were some subcapsular areas where the tubules exhibited mild cell swelling and vacuolization and contained foamy material in the lumens. Other subcapsular areas contained eosinophilic tubules with pyknotic nuclei; however, dilated andlor necrotic tubules were not seen. Round, eosinophilic, hyaline-like inclusions were present in S, and S, segments of the proximal tubules. Occasional casts were seen. Fibrosis was minimal, but the perivascular edema, vascular dilatation, and a mild inflammatory infiltrate were still present. The S,,, segments in the OSOM appeared relatively normal, with only focal cell injury (Fig. 9b ). In the ISOM, the thick ascending limbs of the distal tubule appeared relatively normal and resembled those seen at day 1 (Fig. 9c ), but occasional karyomegaly was seen in the collectingduct epithelial cells (Fig. 9d) . The most striking change occurred in the IM where large, bizarre nuclei were seen in a number of cells of the medullary collecting ducts ( Fig. 9e-g) and sometimes in the urinary epithelium covering the papilla (Fig. 9g) . Vascular stasis and thrombosis were occasionally present in capillaries in the IM.
Chlorozotocin-Low Dose. No significant pathology was seen in any of the animals on the low dose regimen (1 2.5 m a g ) at any time interval. Biochemistry (Fig. I Oa- # No animals receiving a 4 0 -m a g dose of CZ survived longer than 10 days. All animals administered doses of CZ at <40 mg/kg survived the duration of the experiment (28 days). The first observed change in renal function was noted as early as 24 hours after the administration of a high dose of CZ and consisted of marked increase in urine volume with a corresponding decrease in urine specific gravity that progressed until day 3 (Fig. lob, c) . No increase in urinary output, or decrease in renal concentrating ability was seen until day 6, following an intermediate dose of CZ. However, these functional parameters progressed in seventy throughout the duration of the experiment. A low dose of CZ produced only minimal changes in urinary output or specific gravity and these changes were not significant until day 28 (Fig. lob, c) . Enzymuria, as measured by lactate dehydrogenase excretion (LDH), was not increased at day I at any dose of CZ, but was elevated approximately 50-fold on day 3 following high dose CZ (Fig. 1 Od) , reflecting extensive cellular damage, An intermediate dose of CZ produced a delayed, chronic, and progressive increase in urinary LDH, which was maximally elevated 28 days after dosing. Only high dose CZ caused a significant elevation in BUN and in the urinary excretion of protein and glucose, which was not observed before day 3 ( Fig.   10a , e, 0. Proteinuria, glucosuria, and elevated BUN levels are less sensitive indicators of impaired renal function and, therefore, reflect the more severe renal lesion seen with high dose CZ.
DISCUSSION
There have been several reports of nephrotoxicity associated with CZchemotherapy in patients (5,25), but the literature on the pathogenesis of the nephrotoxicity induced by CZ is sparse. Gralla et a1 (10) have reported the toxicologic pathology of CZ in mice, beagle dogs, and rhesus monkeys, and have shown a dose related nephrotoxicity involving the renal tubules to be the main side effect. In dogs treated with a single high dose (6 m a g ) CZ, they observed necrosis of the renal tubules, and hyaline droplet degeneration in the transitional epithelium lining the renal pelvis. Several weeks after a smaller dose (1.5 mg/kg), tubular regeneration was seen. The results in monkeys were similar with necrosis observed at the higher doses, and nephrosis with tubular regeneration and replacement of the medullary rays by fibrosis seen at the lower doses. A number of cortical tubules contained cells with atypical nuclei. Similar results occurred in mice. They suggested that in general, two patterns were seen, depending on the dose and time lapse after dose: acute tubular necrosis occurred after a large dose, whereas a lower dose produced sublethal tubular injury followed by regeneration. Longer term studies in monkeys showed a chronic inflammatory response with fibrosis and atrophy of the glomeruli (10).
Our resu1ts.h rats correlate well with those of Gralla et a1 (10) in mice, beagle dogs, and rhesus monkeys. We saw an acute necrosis of proximal tubules beginning in the subcapsular region of the cortex at days 1-3 following a high dose (40 mg/kg) of CZ, and extending to proximal tubules throughout the cortex and OSOM by day 6. Tubular atrophy and some regeneration were seen by day 10. The initial cortical lesion was followed by the appearance ofcasts in tubules ofthe distal nephron in the OSOM, ISOM, and IM. Necrosis of epithelial lining cells of medullary collecting ducts in the IM and the late (day 10) appearance of epithelial lining cells containing enlarged atypical nuclei in the medullary collecting ducts and transitional epithelium were seen in our model. We also observed hyperplsaia of the transitional epithelium, with hyaline droplet-like degeneration and karyomegaly. The early onset of proximal tubular injury and necrosis correlated with the early increase in urine volume, decrease in urine specific gravity, and increase in LDH excretion. In conjunction with the onset of nephrotoxic acute tubular necrosis, early elevations in BUN, urinary protein, and urinary glucose excretion also occurred following a high dose of CZ ( Fig. 10) .
A moderate dose (25 mg/kg) of CZ given to rats in our model produced asublethal reaction to injury leading to a chronic, progressive nephropathy. The injury to the proximal tubule cells in the cortex was limited to the subcapsular and midcortical region; the cortex had almost returned to normal by day 28. In the medulla, necrosis of medullary collecting duct epithelium was not seen (however, this necrosis could have occurred at a time interval not sampled). After 28 days many of these cells showed karyomegaly. The later and less severe injury, seen after this intermediate dose, was reflected by a delayed increase in urine volume and a decrease in urine specific gravity not seen until day 6. Only a minor increase in urinary protein and glucose excretion occurred, which correlated with the onset of proximal tubular injury as seen histologically. BUN levels were not elevated at any time, reflecting the decreased severity of the renal lesion produced by the intermediate dose of CZ. LDH excretion rose gradually from day 1 and continued to rise until the end of the experiment. Thus changes in urine volume, urine specific gravity, and urinary LDH excretion are more sensitive indicators ofthe less severe, more limited proximal tubular injury seen at this dose level than were BUN, protein, and glucose excretion. A low dose of CZ produced very little histopathological or biochemical changes ( Fig. 10 ).
Streptozotocin (SZ) induced renal injury has been more widely studied, both in regard to its toxicity as an antitumor agent and in regard to the nephropathy seen in response to this experimental diabetogenic agent. SZ differs from its synthetic analog, CZ, only in the presence of a methylnitrosourea in-TOXICOLOGIC PATHOLOGY stead of a chloroethylnitrosourea moiety. Therefore, it might be helpful to briefly mention the renal morphologic and functional alterations associated with the administration of SZ in man and animals, as compared to the lesions seen in our model following cz.
A number of studies have reported tubular alterations in animals made diabetic with SZ (19, 23, 39) . Acute proximal tubular injury and necrosis in mice, dogs, and rhesus monkeys has been observed within 1-2 weeks following SZ administration (19) . More chronic histopathologic changes in the kidney have also been reported with the use of SZ. Weil et a1 (39) noted degenerative changes of proximal tubules with vacuolization and extrusion ofnuclei into the tubular lumens 3 months after a single dose of SZ, and atrophic and dilated cortical tubules in rat kidneys were observed 6-9 months following SZ (23) . These authors suggested that the renal lesions produced by SZ treatment may be related to the diabetic state, and not to a direct toxic effect on the kidney, since the renal alterations tended to regress after treatment with pancreatic islet cell transplantation (23) .
These reports of tubular lesions in SZ-diabetic animals parallel both structural and functional renal alterations seen in humans treated with SZ as a cancer chemotherapeutic agent (3 1). However, SZis not diabetogenic in man suggesting that the renal toxicity of SZ may be independent of its effect on the pancreas. Patients developed impaired renal function, which often progressed to acute renal failure. Hypophosphatemia was one of the earliest signs of renal injury, followed by proteinuria, glycosuria, renal tubular acidosis, and decreased creatine clearance, sometimes with azotemia. Several biopsy and autopsy reports from these patients have described tubular necrosis with atypical regeneration (20, 33) . Some of these studies identified the necrotic and regenerating tubules as proximal in origin (20) .
Reports of secondary renal neoplasms occurring from SZ antitumor therapy in humans are sparse (27) . One group reported squamous metaplasia involving proximal tubules (1 1); another study reported on the appearance of subcapsular renal nodules composed of sheets of spindle cells in a patient at autopsy 21 months after SZ therapy (27) . In animals, the oncogenic potential of S Z is well known (3, 12, 14, 21, 22, 28, 29) . Hard (12) has recently developed a high frequency model for renal carcinoma in CBNH/TGJ mice using a single high dose of SZ (250 mg/kg) and has shown tumors in 73% of the male and 97% ofthe female mice approximately 18 months after SZ. These lesions consisted of adenomas and adenocarcinomas; metastases were also found.
Thus there is considerable precedcnt for tubular injury (proximal, distal, and collecting duct) with necrosis and atypical regeneration from renal structurelfunction studies in both patients treated with SZ and in experimental animals. Also the renal tumorigenicity of SZ is well documented. As we have pointed out, SZ and CZ are structurally related, therefore, it may be possible that similar changes might be seen with CZ. Our model has demonstrated that proximal tubule necrosis with atypical regeneration does indeed occur after CZ, but also points out the later occurrence of necrosis of medullary collecting duct epithelium also with atypical regeneration and karyomegaly, a phenomenon not observed in SZ treated animals. The appearance of large, bizarre nuclei has been reported as one of the earliest responses seen in animals following a number of toxic and carcinogenic chemicals (6, 7, 13), including dimethylnitrosamine. Various authors have suggested this karyomegaly may be a reaction to toxic injury, but the presence of these abnormal nuclei in regions where tumors were later shown to develop suggests they may be at least indicative of precancerous changes occumng in cells of that region. Recently, studies using automated image analysis of nuclear size and shape in precancerous, enzyme-altered islands of liver cells (1) and during bladder carcinogenesis in rats (46) have shown that increased nuclear size and heterogeneity of shape are associated with preneoplastic lesions. Hence we suggest that the karyomegaly seen in collecting duct epithelium and transitional epithelium covering the papilla may be indicative of precancerous changes occurring in cells of these regions and that long term studies to determine the carcinogenic potential of CZ should be done. If tumorous lesions are found, it will be a new model for the development oftumors arising from the collecting duct and possibly from the transitional epithelium. The glucose moiety of SZ is believed to be necessary for the specificity of this drug towards beta pancreatic cells, since SZ-induced diabetes can be ameliorated by pre-treatment with nonmetabolizable analogs of glucose (30) . Recently, CZ has also been shown to be diabetogenic in hamsters and mice by a mechanism analogous to that described for SZ, involving glucose transport (26) . Howevtr, in these studies rats were shown to be particularly resistant to CZ-induced diabetes, as determined by elevated serum glucose levels. In the present studies, a 40mg/kg dose of CZ resulted in a 40-fold elevation in urinary glucose excretion ( Fig. 100 . Proximal tubules reabsorb most of the filtered glucose by an active transport process (36) . Therefore, the apparent inability of CZ to elevate serum glucose levels, in rats, may have been masked by the renal lesion resulting in excessive dumping of glucose into the urine (Fig. 100 . Moreover, the role of proximal tu-bular cells in glucose reabsorption suggests that similar mechanisms are involved in producing the renal and pancreatic lesions. Proximal tubular cells may transport SZ and CZ via recognition of the glucose moiety, thereby resulting in high cellular drug concentration, which may result in increased toxic reactions.
Although similar transport processes may selectively sensitize beta cells (and possibly proximal tubular cells) to these sugar-linked nitrosoureas, differences were noted in the mechanism of beta cell toxicity caused by SZand CZ (26, 44) . These studies demonstrated that SZ-, but not CZ-induced diabetes, was ameliorated by pretreatment with nicotinamide or the poly(ADP)ribose synthetase inhibitor, 3-aminobenzamide. Thus the mechanism for SZ toxicity may involve DNA single-strand breaks and massive utilization of NAD as a substrate for the DNA repair enzyme, poly(ADP)ribose synthetase (45) . CZ is a bifunctional alkylating agent which can cause DNA-DNA interstrand cross-links (2,4). DNA damage that results in cross-links has been shown not to deplete cellular NAD levels, and therefore, may not stimulate poly(ADP)ribosylation (35) . Moreover, it is not known whether similar mechanisms are involved in the renal toxicity of these compounds, or whether the pancreatic and renal lesions are causally linked to one another.
In contrast to the proximal tubule necrosis seen following CZ treatment, the histologic pattern of injury that we have observed following the lipophilic, cyclohexyl-conjugated chloroethylnitrosourea, MeCCNU, is considerably different (1 8). After a single high dose of MeCCNU (250 mg/kg) we observed occasional necrotic proximal tubules, pnmanly at the cortico-medullary junction; massive papillary necrosis was evident by day 10. At lower doses, the pathology was less well defined, but karyomegaly was observed in collecting duct cells in the ISOM and IM. We are investigating further the pathogenesis of the progressive nephrotoxicity which has been reported to accompany treatment with this anti-cancer agent.
It becomes apparent in comparing the effects of the chloroethylnitrosourea chemotherapeutic agents, CZ and MeCCNU, and the closely related nitrosourea, SZ, that both similarities and striking differences in the pathogenesis of the nephrotoxicity associated with these agents exist. The pathogenesis and mechanism of the nephrotoxicity associated with each of these agents need to be further defined and the subcellular sequence of events carefully delineated, before a true comparison of their nephrotoxicity can be made and their action on the kidney can be fully understood.
Thus, through the use of sequential morphologic analysis with detailed observation of the kidneys, we have presented information on the pathogenesis of CZ nephrotoxicity and identified the temporal sequence of proximal tubule injury and necrosis as the early manifestations of injury. These early changes are followed by a medullary component leading to necrosis of medullary collecting duct epithelium, regeneration, and the appearance of karyomegaly. Since karyomegaly has been observed among the initial changes in a number of models of carcinogenesis, we suggest that the karyomegaly seen in the medullary collecting ducts and transitional epithelium may be indicative of the potential of these cells to progress to tumor formation. Our renal function studies have shown increased urine volume, increased LDH excretion, and decreased urine specific gravity to be more sensitive indicators of early renal damage than increased BUN, proteinuria and glucosuria, which occur only after the onset of massive proximal tubular necrosis. These observations help in monitoring the onset and severity of nephrotoxicity associated with CZ and other nephrotoxic agents.
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